The 2011 M W ¼ 9.0 Tohoku-oki earthquake generated a large number of unique soil liquefaction case histories, including cases with strong ground motion recordings on liquefiable or potentially liquefiable soils. We have compiled a list of 22 strong motion stations (SMS) where surface evidence of liquefaction was observed and 16 SMS underlain by geologically recent sediments or fills where surface evidence of liquefaction was not observed. Pre-earthquake standard pene tration test data and borehole shear wave velocity (V ) profiles are available for s some stations, but critical information, such as grain size distribution and fines plasticity, are often lacking. In the heavily damaged city of Urayasu, we performed post-earthquake cone penetration testing at seven SMS and V profiles, using s surface wave methods at 28 additional locations to supplement existing geotech nical data. We describe the liquefaction effects in Urayasu, the available site char acterization data, and our initial data interpretations.
INTRODUCTION
Case histories of soil liquefaction in the 11 March 2011 M ¼ 9.0 Tohoku-oki (or Great w East Japan) earthquake provide important opportunities for learning about the seismic per formance of a wide range of geotechnical systems and constructed facilities. High-quality liquefaction case histories for large-magnitude events are rare and have the potential to yield insights on the triggering of liquefaction and subsequent performance of facilities, under long durations of shaking. The opportunities for learning from this event are particularly unique because of the extensive network of strong ground motion recording stations in Japan and the significant amount of detailed geotechnical data and performance observations being com piled. This information has been gathered through a number of organizations and individuals involved in post-earthquake reconnaissance efforts and subsequent research studies. In par ticular, teams from the Geotechnical Extreme Events Reconnaissance (GEER) Association participated in geotechnical reconnaissance efforts with the support and collaboration of numerous colleagues in Japan. A total of 25 GEER members worked with more than 26 Japanese counterparts in investigations of site response, liquefaction, levees, dams, ports, bridges, and lifelines. The resulting data and observations have been compiled by GEER members (e.g., Boulanger 2012 , Kayen et al. 2012b , GEER 2011a , 2011b , 2011c , 2011d ; http://geerassociation.org/) and Japanese colleagues (e.g., , Tsukamoto et al. 2012 .
This paper primarily focuses on liquefaction, or the lack thereof, at strong motion stations (SMS) in the affected regions and across the well-instrumented and heavily damaged city of Urayasu. Stewart et al. (2013, this issue) describe the general strong motion attributes of this earthquake and the inventory of ground motion data. We focus on a relatively small subset of recordings that are relevant from a liquefaction perspective. This subset includes 22 SMS where liquefaction was evidenced by observations of surface ejecta and/or visible ground deformations (i.e., settlement, cracking, or spreading) following the earthquake (Table 1) and 16 SMS underlain by geologically recent sediments or fills where surface evidence of liquefaction or ground failure (deformations) was not observed ( Table 2 ). Most of the investigated SMS are located at the southern end of the fault rupture in the Kanto Plain and Tokyo Bay regions (Figure 1 ). It is possible that liquefaction occurred at other stations along the coastline in the affected regions, but the surface evidence may have been obscured by the tsunami. The available ground motion recordings represent a unique set of data that captures the dynamic response and liquefaction of soils during long duration shaking pro duced by this M ¼ 9.0 earthquake. As such, these SMS data can be used to anchor lique w faction triggering curves and refine magnitude scaling factors, assess procedures for estimating ground surface deformations, evaluate dynamic site response analysis models for liquefiable soils, and develop insights into soil-structure interaction effects on liquefaction triggering and deformations.
Examinations of the available SMS site characterization data indicate, however, that additional subsurface data are required before liquefaction analyses can be performed con fidently for most sites. Prior to the earthquake, Standard Penetration Test (SPT) and downhole shear wave velocity (V ) profiles were available for only some of the SMS of interest, as s summarized in Tables 1 and 2 . For example, we have been able to locate SPT data at only three of the 22 SMS where evidence of liquefaction was observed and at nine of the 16 SMS on geologically recent sediments or fills where evidence of liquefaction was not observed. Furthermore, critical information, such as grain size distribution and fines plasticity, are gen erally lacking at all sites, which introduces significant uncertainties in the back-analyses of these case histories. Simplified liquefaction triggering analyses are presented in this paper for select SMS using the available SPT data as a means to illustrate the need to collect additional soil information for quality case history development. Liquefaction effects across the heavily damaged city of Urayasu are of particular interest because there are 17 SMS located throughout the city (refer to Figure 1b ), and there has been intense liquefaction severity mapping and site characterization efforts by Japanese and GEER researchers following the earthquake. We performed cone penetration testing (CPT) at seven SMS sites in Urayasu City (four with evidence of soil liquefaction and three with no surface evidence of ground failure) as a starting point for detailed characterization at these sites. We also performed V profiling using surface wave methods at 28 additional locations throughs out Urayasu as a means of investigating potential aging effects in reclaimed fills and exam ining the ability of V data to track the observed spatial variation in liquefaction severity s across the city. We describe the observed effects of liquefaction, the new CPT and V s site characterization data, and our initial interpretations.
LIQUEFACTION AND STRONG MOTION STATIONS
A significant number of strong ground motion recordings were obtained at SMS sites that were underlain by soils that either liquefied during the earthquake or were located on geo logically recent sediments or fills where liquefaction might be anticipated, but no ground failure was observed. The occurrence or nonoccurrence of liquefaction was evaluated based on field reconnaissance by the authors, generally performed within two to three weeks of the main shock. A summary of 22 SMS with observed effects of soil liquefaction is provided in Table 1 , while summary information for 16 SMS without surface evidence of liquefaction is provided in Table 2 . Available information includes the station name, station network, general location, geodetic coordinates, peak horizontal ground acceleration (PGA) values, notes about the severity of liquefaction, and availability of subsurface information, such as SPT, CPT, and V data. There currently are some discrepancies in latitude and long s itude coordinates for a few of the SMS, and thus footnotes indicate whether the coordinates are from KNET, KIKNET, GEER track logs, or Google Earth imagery. Acceleration time series records are not currently available for all SMS (particularly private network stations). However, PGA values (maximum horizontal component) are provided for all but one station.
The locations of the investigated SMS are shown in Figure 1 . The 22 SMS with evidence of liquefaction were mostly located at the southern end of the fault rupture plane in the Tokyo Bay and Kanto Plain regions. Liquefaction evidence was only conclusively documented by our teams at one station near the epicentral region (MYG013; refer to Figure 1 ). It is possible that liquefaction occurred at other stations along the coastline in the affected regions, but the evidence may have been obscured by the tsunami. In some cases, the recorded ground motions at liquefaction sites show clear evidence of liquefaction, but in other cases, the char acteristics of the motions do not clearly exhibit any signs of significant softening or cyclic mobility during strong shaking. An examination of two cases, one with surface evidence of soil liquefaction and one without, is presented to illustrate the differences in behaviors.
KNET station CHB009 ( Figure 1a and Table 2) is an example of a station where no surface evidence of liquefaction was noted despite the presence of saturated sands in the subsurface and a PGA value of 0.183 g. The ground surface around the recording station showed no signs of deformation or soil ejecta in the vicinity, as illustrated by the postearthquake photograph in Figure 2a . The acceleration time series recorded at the station (NIED 2011), as shown in Figure 3 , exhibit no evident change in site response characteristics (e.g., deamplification or period elongation) during shaking, which might be indicative of liquefaction triggering. The soil profile consists of about 3.0 m of fill, overlying about 7.0 m of "sandy soil," overlying a thick stratum of silt ( Figure 4 ). The water table is estimated to be at a depth of about 3 m. The SPT blow counts, which are assumed to correspond to a typical energy ratio of 75%, are plotted in Figure 4a as N 60 values. The corresponding cyclic resistance ratios (CRR) for the sandy soil and the earthquake-induced cyclic stress ratios (CSR) computed using the procedures from Idriss and Boulanger (2008) are also shown in Figure 4a . The fines content of the sandy soil is not available, so it was assumed to be 25% based on its visual description. The plasticity of the silt strata is not available, so two scenarios were considered: (1) the silt is nonplastic such that it should be analyzed using liquefaction correlations, or (2) the silt is sufficiently plastic that it should instead be analyzed using cyclic softening procedures. For the first scenario, a liquefaction analysis using the procedures from Idriss and Boulanger (2008) indicates that the silt layer would be expected to have liquefied throughout its full depth (factors of safety against liquefaction, FS liq , ranging from 0.3 to 0.45) and the expected surface settlement would have been about 47 cm. For the second scenario, cyclic softening analyses using the procedures from Idriss and Boulanger (2008) indicate that the silt layer would be expected to be safe against cyclic softening (i.e., peak shear strains less than 3%) and would develop relatively small recon solidation settlements, provided its over-consolidation ratio (OCR) was greater than about 1.2. This second scenario is clearly in better agreement with the absence of observable ground deformations at the site and is considered quite reasonable for this geologic setting.
The liquefaction analysis results shown in Figure 4a are based on this second scenario, such that the potential role of the overlying sandy soil layer can now be examined separately from the underlying silt. The FS liq ¼ CRR∕CSR was greater than unity for all but one of the SPT blow counts in the sandy layer, and the expected surface settlement is about 3 cm, with half of this settlement occurring in the bottom 1 m of the sandy stratum. It is possible that liquefaction occurred in this lower portion of the sandy stratum and did not manifest itself at the surface, but it is also possible that the absence of liquefaction evidence can be explained by a refined site characterization (e.g., higher fines content for that sample), an improved understanding of magnitude scaling (duration) factors for silty sands (e.g., at M ¼ 9.0, w the MSF would be 0.67 for sands and 0.95 for clays, such that a refined estimate for silty sands may be important at such large earthquake magnitudes), or an improved estimate of the earthquake-induced CSR based on site response analyses. These results illustrate how the reliable interpretation and analysis of these sites requires additional site characterization data, including fines content and plasticity information that are not currently available for the different strata.
KNET station CHB024 ( Figure 1a and Table 1) , just a short distance away from CHB009, is an example of a liquefaction site, as evidenced by the extensive surface ejecta and ground cracking shown in the post-earthquake photograph in Figure 2b . The acceleration time series recorded at the station (NIED 2011), as shown in Figure 3 , exhibit a clear change in site response characteristics (e.g., deamplification and period elongation) at about 130 s, which is attributed to the triggering of liquefaction. The PGA at the site was 0.237 g. The soil profile consists of about 1.5 m of fill, overlying a thick sand layer (Figure 4b ). The water table is estimated to be at a depth of about 3 m. The SPT blow counts, which are assumed to correspond to a typical energy ratio of 75%, are generally less than 20, as indicated in Fig  ure 4b . Excluding a dense layer between approximately 4-7 m, the CRRs are all lower than the earthquake-induced CSRs computed using the procedures from Idriss and Boulanger (2008) . The fines content of the sand is not available, so it was assumed to be 5% based on its visual description. The analysis results are reasonably consistent with the observed field behavior in that the FS liq ¼ CRR∕CSR was well below unity for most of the sand stra tum. The predicted free-field surface settlement, again using the procedures from Idriss and Boulanger (2008) , is about 50 cm, which is greater than generally observed at the site (near adjacent buildings on pile foundations). The overestimation of surface settlements could be attributed to the expectation that liquefaction may initiate in certain depth intervals and not progress throughout the entire stratum due to the reduction in dynamic stresses following liquefaction triggering. Additional information regarding post-liquefaction settlement anal yses is provided below. More detailed analysis of site response effects will require additional site characterization data that is not currently available.
These two stations are illustrative of the needs for additional site characterization data at many of the strong ground motion recording stations listed in Tables 1 and 2 in order to develop them into high-quality case histories appropriate for future detailed dynamic anal yses. Subsequent field efforts focused on providing improved characterization at a small subset of select ground motion recording stations in Urayasu City are described in the fol lowing section.
LIQUEFACTION IN URAYASU CITY
Urayasu City, located in the Tokyo Bay region (Figure 1b) , experienced significant and widespread liquefaction damage during the earthquake. Liquefaction damage included ground settlements up to 60 cm, settlement/tilting of wooden and reinforced concrete struc tures on shallow foundations, and rupture of underground utilities from differential settle ments or flotation. The severity and distribution of liquefaction damage was strongly influenced by thickness and consistency of reclaimed soil deposits (i.e., fills), soft soil ampli fication, and presence of ground improvement measures . Ground motions in the city were recorded by 17 SMS; one was a KNET station (CHB008), and 16 were from the private network of the Keiyo Gas Co., Ltd. Thirteen of these sites had surface evidence of liquefaction, while four had no surface evidence of liquefaction or ground failure (Tables 1 and 2) . These ground motions, coupled with intense mapping and site characterization efforts by Japanese and GEER researchers, make Urayasu City a unique and well-documented liquefaction study area.
GEOLOGIC CONDITIONS
The majority of Urayasu City is comprised of reclaimed land. The temporal sequence of fill deposits is illustrated in Figure 5 . The city consists of three towns: (1) Moto-Machi con structed on native soils, (2) Naka-Machi constructed on land reclaimed in Phase I between 1964 and 1975, and (3) Shin-Machi constructed on land reclaimed in Phase II between 1976 and 1980 . Figure 6 shows a cross section through the region oriented diagonally from NW to SE. The fills and some alluvial sands (Fs + As) are generally less than 10 m thick, except in Shin-Machi near Akemi, where the aboveground fill is significantly thicker. Most of fills appear to be comprised of silty sands to sandy silts placed with hydraulic means, as shown by photographs in Ishihara et al. (2011) . Fines contents of the surface ejecta after the earthquake generally ranged from 15% to 70% and were nonplastic, meaning the plastic limit was not measurable . The fills are underlain by a stratum of soft to firm clay (Ac) ranging from about 10-to 40-m thick, which is in turn underlain by Pleistocene deposits (Ds) with SPT blow counts greater than 50. The depth to Pleistocene materials varies considerably across the city, ranging from about 20 m below the ground surface near the original shoreline in Moto-Machi to approximately 60 m below the ground surface in parts of Naka-Machi and Shin-Machi. The ground water levels are generally within 1-3 m from the ground surface ). 
OBSERVED EFFECTS
The city of Urayasu experienced particularly extensive damage to buildings, utilities, and other infrastructure due to liquefaction and has subsequently been the subject of detailed studies by several investigators (e.g., Katsumata 2012, Ishihara et al. 2011) . A liquefaction severity map detailing areas of extensive, moderate, slight, and no liquefaction is shown in Figure 7 . The old shoreline between reclaimed land (i.e., surficial fill soils) and native soils was found to correspond to the boundary of observed liquefaction. Thus, liquefaction of native soils in Moto-Machi was generally not observed, whereas lique faction in the reclaimed fills ranged from extensive to no liquefaction.
Ground surface settlements relative to buildings supported on pile foundations varied significantly across the city. The photographs in Figure 8 illustrate a particularly interesting case where the ground settled about 30 cm relative to a building on piles (gray building in left photo), while an adjacent three-story building on a mat foundation tilted and settled an addi tional 40 cm relative to the ground surface (i.e., approximately 70 cm of total settlement). This case clearly illustrates potential problems with the common practice of assuming shal low foundation settlements can be predicted by computing free-field (i.e., volumetric strain) ground surface settlements alone, without including the effects of soil-structure interaction beneath the shallow foundation.
Large numbers of residential buildings exhibited tilts in addition to settlements, as illu strated by the photograph in Figure 9 (left). Tilts of up to 1 to 3 degrees were observed in many cases for residential homes. The structures generally appeared to be free from structural damage, which is attributed to the common foundation design illustrated by the photograph in Figure 9 (right). This foundation was comprised of a 20-cm thick reinforced concrete mat with stiff reinforced concrete perimeter and tie beams. Foundations like these tend to be stiff and strong enough to withstand substantial settlements and tilting while minimizing distortion of the superstructure. Many of these structures can be re-leveled without the need to rebuild the superstructure.
SPT DATA AND LIQUEFACTION ANALYSES presented liquefaction triggering analyses for many SPT boring logs from across Urayasu City, as shown in Figure 10 . The information is organized left to right by districts (refer to Figure 5 ) generally progressing from Moto-Machi (native soils) to Shin-Machi (fills). The raw SPT blow counts (N-values) are provided in the top plots, while the liquefaction triggering analyses using the mean SPT N-values within each district are provided in the bottom plots. Notice that the triggering analysis for the mean profile in the district of Urayasu Station generally indicates factors of safety greater than 1.0, consistent with observations of no ground failure in the native soil deposits. However, some of the individual SPT profiles in the native soils appear to be susceptible to liquefaction based on penetration resistance and general soil type.
Consider, for example, the soil profile beneath strong motion station KNET CHB008, which is located just inside the old shoreline in the native soil deposits of Moto-Machi (loca tion shown in Figure 7 ). There was no surficial evidence of ground failure at this SMS, as shown by the post-earthquake photograph in Figure 11a , and the recorded accelerations also contained no evident effects of liquefaction (Figure 11b ). The soil profile consists of 1.0 m of fill, overlying 1.25 m of sandy soil, overlying 2.25 m of sand, overlying 3.5 m of sandy soil on top of a thick silt layer (Figure 11c ). The water table is estimated to be at a depth of about 2 m. The SPT N 60 values, based on an assumed typical energy ratio of 75%, were 18-26 in the 2.25-m thick sand layer, about 10 in the underlying 3.5-m thick sandy soil layer, and about 5 or less in the underlying silt layer. To perform a liquefaction evaluation, the fines content of the sand was assumed to be 5% and the fines content of the underlying sandy soil was assumed to be 25%. The plasticity of the silt strata is not available, so two scenarios were considered: (1) the silt is nonplastic such that it should be analyzed using liquefaction correlations, or (2) the silt is sufficiently plastic that it should instead be analyzed using cyclic softening procedures. For the first scenario, a liquefaction analysis using the procedures from Idriss and Boulanger (2008) indicates that the silt layer would be expected to have liquefied throughout its full depth (factors of safety against liquefaction, FS liq , ranging from 0.33 to 0.49), and the expected surface settlement would have been about 61 cm. For the second scenario, cyclic softening analyses using the procedures from Idriss and Boulanger (2008) indicate that the silt layer would be expected to be safe against cyclic softening (i.e., peak shear strains less than 3%) and would develop relatively small recon solidation settlements provided its OCR was greater than about 1.2. This second scenario is clearly in better agreement with the absence of observable ground deformations at the site, similar to what was found for the CHB009 site presented in Figure 4 . The liquefaction anal ysis results shown in Figure 11c are based on this second scenario, such that the potential role of the overlying sand and sandy soil layers can now be examined independently of the silt. The CRR and CSR values computed for the sand and sandy soil layers using the procedures from Idriss and Boulanger (2008) are compared in Figure 11c ; the FS liq ¼ CRR∕CSR values were significantly greater than 1.0 in the sand layer, but only about 0.65-0.80 in the 3.5-m thick sandy soil layer. The predicted surface settlement, using the procedures from Idriss and Boulanger (2008) , is about 8 cm. These computed FS liq and settlement values are not consistent with the lack of liquefaction evidence at this SMS, which may simply reflect lim itations in the assumptions that were required to perform the analyses. These results again illustrate how the reliable interpretation and analysis of these SMS sites will require addi tional site characterization data, including fines content and plasticity information for the different strata, an improved understanding of magnitude scaling (duration) factors for silty sands, and improved estimates of the earthquake-induced CSR values. Katsumata and Tokimatsu (2012) computed expected ground settlements at many loca tions in Urayasu with SPT data using the simplified procedures outlined in the Recommenda tions for Design of Building Foundations of the Architectural Institute of Japan (AIJ; Tokimatsu and Asaka 1998) . They compared these estimates with settlement observations ..()o.....L..--..a............, ........ w derived from terrain models made before and after the earthquake using airborne LiDAR surveys. These comparisons are provided in Figure 12 . The estimated settlements primarily ranged from 0 cm to about 35 cm, and the observed free field settlements also ranged from about 0 cm to 35 cm. However, the data points are quite dispersive without a strong correla tion or bias between estimated and observed settlement. Of particular interest are the many "false-positive" estimates of liquefaction-induced settlements in the native soils of Moto-Machi, where settlements up to 30 cm were estimated from some SPT data while observed settlements were essentially zero (small). These differences between computed and observed settlements warrant further study and may in part reflect local variations in soil consistency, fines plasticity, age, ground shaking intensity, measurement uncertainties, and other factors that are not fully characterized at this time. For individual sites, differences could also result from dispersion in the settlements inferred from the LiDAR data, which have been shown to have standard deviations in the range of 6-20 cm under "best case" conditions involving minimal vegetative cover (Stewart et al. 2009 ). Ishihara et al. (2011) similarly analyzed a set of SPT data and reported that SPT-based liquefaction analysis procedures did not appear to explain the differences in liquefactioninduced settlements across the various natural alluvial and fill materials of different ages and fines content in Urayasu. This is consistent with Dobry's (2012, personal communica tion) suggestion that loose natural soils in active seismic areas like California and Japan may in fact be more resistant to liquefaction than younger artificial fills of similar stiffness due to the significant effects of pre-shaking on liquefaction resistance. Resolution of differences in liquefaction resistance between native sediments and fill soils may require more detailed site characterization data and possibly more basic research on the effects of aging, pre-shaking and fines content.
SEISMIC VELOCITY TESTING
Surface wave testing was performed by several of the authors at 56 locations in Japan in the fall of 2011, with 28 of those locations in Urayasu City. A combination of active source spectral analysis of surface waves (SASW) testing and multi-channel analysis of surface waves (MASW) testing was used. Details of the data collection and data analysis procedures may be found in Kayen et al. (2012b) . The 28 surface wave-derived V profiles in Urayasu s have been used to investigate differences in the small-strain shear stiffness of natural soils and different aged fills with various liquefaction severity indices.
The surface wave testing locations are shown relative to the different ages of reclaimed/ native soils, as well as the various liquefaction severity indices, in Figure 13 . Note once again, that ground failure was not observed in the native soil deposits of Moto-Machi north west of the old shoreline. However, as discussed above, some of these deposits might have been expected to liquefy under the ground motions experienced during the earthquake based on SPT resistance in the absence of soil plasticity information. Therefore, median V profiles s were calculated from the individual V profiles within each phase of fill to investigate if s small-strain aging effects, which might not be reflected in SPT blow counts, could possibly explain the differences in performance between the reclaimed land and the native soils.
The median, overburden-corrected shear wave velocity (V s1 ) profiles for the native Phase I and Phase II soil zones are compared in Figure 14a . The number of profiles used to compute the median V s1 values are provided inside parentheses in the legend. The median V s1 profiles for all three soil zones are almost identical down to about 12 m. In addition, the V s1 profiles are well below the recommended upper-bound corrected shear wave velocity for liquefaction (i.e., V s1 Ã ¼ 215 m=s; Andrus and Stokoe 2000) . These data indicate that significant smallstrain aging effects, which might lead to increased liquefaction resistance, cannot be dis cerned in the median V s1 profiles, as all of the soils appear to be loose enough to liquefy down to significant depths based on available V -based liquefaction correlations (e.g., s Andrus and Stokoe 2000, Kayen et al. 2012a) . Interestingly, the Phase I soils appear on average to be relatively stiffer at depth than the native and Phase II soils (yet still very soft).
The median V s1 profiles for the areas with extensive liquefaction and with no ground failure are shown in Figure 14b . While the V profiles collected in areas with extensive lique s faction are slightly softer on average near the ground surface, the median V s1 profiles for both extensive liquefaction damage and no ground failure are almost identical down to about 12 m depth and are well below V s1 Ã ¼ 215 m=s. These data indicate that significant differences in small-strain shear stiffness do not exist between zones of extensive liquefaction and no lique faction.
Profiles of V s1 obtained from seismic CPT (SCPT) testing at seven SMS, four with evi dence of liquefaction and three without evidence of liquefaction or ground failure, are com pared in Figure 14c . These data also fail to show a significant difference in shear stiffness between sites with evidence of liquefaction (stations IRF, JAL, TKM, and TKK in Figure 7 ) and sites without surface evidence of liquefaction or ground failure (stations AKM, HND, and HOS in Figure 7) . The one exception is the SCPT V s1 profile at station HOS, which is located on native soil deposits well away from the reclaimed land. This V s1 profile is sig nificantly stiffer than the others over the top seven meters with velocities greater than V s1 Ã ¼ 215 m=s. (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) , and phase 2 fills (1976) (1977) (1978) (1979) (1980) , (b) median V s1 profiles from surface wave data collected in locations of extensive liquefaction and locations with no surface evidence of liquefaction or ground failure, and (c) seismic CPT V s1 profiles at four SMS that liquefied and three that had no surface evidence of liquefaction or ground failure. It thus appears that the observed variations in liquefaction effects across Urayasu cannot be differentiated solely on the basis of differences in the soils' small-strain shear modulus. As such, the differences in liquefaction severity, or the lack thereof, are clearly controlled by other factors, such as local variations in ground shaking intensity, soil consistency, fines plasticity, age, foundation types/loads, and other factors that are not yet fully understood. While information on the variation of ground shaking across the city is well constrained (note that the PGAs recorded in Urayasu varied from 0.15 g to 0.27 g at stations that liquefied and from 0.16 g to 0.18 g at stations that did not have surface evidence of liquefaction or ground failure), additional soil information is needed to fully utilize the V profiles, refine s V -based liquefaction triggering analyses on a site-by-site basis, and develop each site into a s quality case history.
CPT DATA AND LIQUEFACTION ANALYSES
CPT profiles were obtained at seven SMS locations in Urayasu to more fully investigate some of the factors influencing the observed variations in liquefaction effects; these seven SMS included four with evidence of liquefaction (IRF, JAL, TKM, and TKK in Figure 7 ) and three without observed ground failure (AKM, HND, and HOS in Figure 7) . Profiles for sta tions HND and HOS (without ground failure) and TKK and TKM (with liquefaction) are shown in Figure 15a -d, respectively, to illustrate the range of soil conditions obtained. Each figure shows the tip resistance (q t; corrected for pore pressures behind the tip), sleeve friction ratio (R f ), soil behavior types (SBT) based on Robertson (1990) , and the CSR and CRR values obtained using the procedures by Idriss and Boulanger (2008) . Liquefaction analyses using the procedures by Robertson and Wride (1998) produced slightly greater CRR values but led to the same general observations as discussed below. The liquefaction analysis results shown in these figures are for the case where the CPT data are analyzed on a point-by-point basis, after which the effects of interfaces and interlayers can be discussed.
The CPT liquefaction analyses for the HND (Figure 15a ) and HOS (Figure 15b ) stations are generally consistent with the observed absence of ground failure, although they both illustrate some of the common difficulties in analyzing CPT data near interfaces and interlayers. Clay soil types, corresponding to soil behavior type indices (I ) greater than about 2.6, c were identified at depths of 2.5-3.9 m (I ≈ 2.9), 13.1-13.6 m (I ≈ 2.6) and below 17. the HOS station. For the sand layers, fines contents were estimated by correlation to the I c value (Idriss and Boulanger 2008) with an Urayasu-specific adjustment upward from the general correlation to give FC ≈ 20%, on average. The sand layers at both stations are suffi ciently dense that liquefaction triggering would not be expected (i.e., CRR > CSR) at points more than about 30 cm from an interface with a clay soil type. The liquefaction analyses for both stations do, however, show that the computed CRR values are less than the CSR values near clay interlayers (e.g., 5.9 m at HND) and in intervals that appear to have finely interlayered sands and clays (e.g., 15.5-17.5 m at HND and 7.2-8.6 m at HOS). The low CRR values in these intervals can represent artifacts that stem from the known limitations in CPT data near such interfaces. The potential settlements due to one-dimensional reconsolidation were computed to be 8 cm and 11 cm at HND and HOS, respectively, based on these point by-point analysis results. The amount of liquefaction triggering and computed settlements can be reduced to the range of a couple of centimeters if the effects of the clay-sand interfaces are accounted for, such that the computed and observed responses are reasonably consistent when these types of details are appropriately considered.
The CPT liquefaction analyses for the TKK (Figure 15c ) and TKM (Figure 15d ) stations are also generally consistent with the observations of moderate to severe liquefaction effects. Clay soil types are encountered in numerous layers at these stations, with I values being c similar to those for the clay soil types at similar depths at stations HND and HOS. Sand layers at the TKK and TKM stations have generally smaller overburden-corrected tip penetration resistances, such that they give generally smaller CRR values than obtained at the HND and HOS stations. The CSR values are also greater at the TKK and TKM stations because the measured peak ground surface accelerations (0.21 g and 0.22 g) are greater than measured at the HND and HOS stations (0.17 g and 0.18 g). The combined effect is that liquefaction would have been expected at the TKK and TKM stations for the observed shaking levels, although these analysis results also have the previously discussed problem of likely overpredicting the extent of liquefaction near clay-sand interfaces. The potential settlements due to one-dimensional reconsolidation were computed to be 29 cm and 20 cm at TKK and TKM, respectively, based on the point-by-point analyses. These values can similarly be reduced significantly by accounting for interface effects, but the remaining settlements would still be consistent with the observation of surface effects.
More detailed examination of the compiled CPT data, in conjunction with analyses of the available SPT and V data, are expected to progress as additional site characterization infor s mation becomes available. In this regard, it is hoped that the archiving of these CPT and V s data at the GEER website (http://geerassociation.org/) will constitute a valuable resource for future researcher efforts.
SUMMARY
The 2011 M ¼ 9.0 Tohoku-oki earthquake has generated a large number of high-quality w soil liquefaction case histories, including a unique set of ground motion records obtained from seismic stations on geologically recent sediments or fills potentially susceptible to lique faction. We have presented a list of 21 strong motion stations (SMS) where surface evidence of liquefaction was observed following the earthquake and 17 SMS underlain by geologically recent sediments or fills with shallow ground water where surface evidence of liquefaction was not observed. These ground motion recordings represent a unique set of data that cap tures the dynamic response and liquefaction of soils during long-duration shaking produced by this M ¼ 9.0 earthquake. Preliminary liquefaction analyses using existing SPT data w available at a few of these stations were presented. The results of these analyses indicate that additional site characterization data (particularly soil plasticity and fines content) are required for many of the SMS before the full value of these ground motion recordings can be realized. We encourage additional data-gathering efforts at these stations so that the engineering community at large can benefit from this valuable data set of ground motions.
We performed seismic cone penetration tests (SCPT) at a subset of seven SMS sites (three SMS sites with no surface evidence of liquefaction and four SMS sites with moderate to severe liquefaction effects) and V profiling using surface wave methods at 28 additional s locations throughout Urayasu City to supplement pre-existing geotechnical data. The CPT and surface wave testing data will be archived at the GEER website (http:// geerassociation.org/) for future, more in-depth analyses by interested researchers. Median V profiles showed no significant differences in small-strain shear modulus between soils s of different ages or between areas of different liquefaction severity. However, once again, additional soil type/plasticity information is still needed to fully understand and utilize the V data. The results of preliminary liquefaction analyses using the CPT data at select SMS s sites are reasonably consistent with the observed behaviors at these sites. The differences in liquefaction severity across these SMS and across Urayasu native and fill soils are generally attributed to local variations in the intensity of ground shaking, soil consistency, fines plas ticity, stress history/pre-shaking, and possibly differences in aging. It is hoped that the com piled and archived data will provide a lasting resource for further research toward fully understanding and interpreting the observed responses at these SMS and their surrounding areas.
